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ABSTRACT 
Ordered microfibrils are formed on the membrane  of the cytoplasmic tail of the 
alga  Poteriochromonas  after  attachment  to  a  substrate.  The  ultrastructure  of 
native and extracted stalk fibrils was studied with electron microscope methods. In 
addition, the  structural  polysaccharide was  characterized by hydrolyses, separa- 
tion of the monomers by thin-layer chromatography, gas-liquid chromatography 
and  amino  acid  analysis,  and  by  X-ray  diffraction.  The  alkali-resistant  fibrils 
yielded mostly glucosamine upon extensive hydrolysis, and showed X-ray diffrac- 
tion patterns similar to those of fugal chitin. It is concluded that the resistant core 
of the fibrils is chitinous. 
In  the  literature,  there  is  a  strong  tendency  to 
interpret any microfibrillar structures in cell walls 
of higher plants, but also of lower organisms, as 
cellulosic, moreso when they are deposited in or- 
dered arrangements. Yet, in principal, any linear 
polysaccharide of high  degree of polymerization 
may  appear  fibrillar in  the  electron  microscope 
(16, 31, 51, 52). 
Identification of the structural polysaccharide(s) 
of a  microfibril by biochemical methods is neces- 
sary to  establish its chemical nature.  This study 
provides a clear example of this identification for 
the lorica microfibrils of the unicellular flagellate 
Poteriochromonas stipitata, which have repeatedly 
been described to be cellulosic (32, 33, 61). 
Our  finding  that  these  fibrils  are  chitinous 
rather than cellulosic also revives the old question 
of chitin in algal cell walls hitherto only confirmed 
for diatoms (5, 16, 46) and not even mentioned in 
most textbooks on algae (e.g., references 11  and 
12). 
MATERIALS  AND  METHODS 
Algal Cultures and Preparation 
of Lorica Material 
Poteriochromonas stipitata (Scherffel),  syn.  Ochro- 
monas malhamensis (Pringsheim),  strain  no.  933-1a 
from  the  Algal Culture  Collection  of the  Institute  of 
Plant  Physiology, University of G6ttingen, G6ttingen, 
Germany, was grown axenically in sterile medium (33). 
The algae were cultivated at 25~  in a light-thermostat 
(F. Kniese, Marburg-Marbach,  Germany) under contin- 
uous illumination of 15,000 lx, according to the condi- 
tions described (39). The algal suspensions, 200 ml per 
culture tube, were aerated by bubbling air through  the 
tubes. A higher yield of loricae was induced by stopping 
the air stream for 3 h twice daily from the 3rd to the 7th 
day of culture.  This results  in  the formation  of many 
small colonies of algae attached to one another at the 
basal parts of their loricae. The colonies were routinely 
monitored by light microscopy, and any cultures found to 
be contaminated by fungi or bacteria were excluded from 
analysis. The cells and loricae were collected by centrifu- 
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-30~  until used for further extractions. 
Extractions 
After 10-12 days of culture, the cells undergo autoly- 
sis (1).  The loricae were not structurally disintegrated 
during  this  process  (W.  Herth,  unpublished  observa- 
tions) and were collected free from cellular material after 
the autolysis.  This material was used in parallel with the 
material from the  7-day-old  cultures.  Extractions with 
methanol, methanol/chloroform, and various concentra- 
tions of HC1, trifluoroacetic acid (TFA), and/or NaOH 
were performed as described (22, 24). 
Hydrolyses,  Chromatography,  and 
X-Ray Diffraction 
Technical details of the hydrolyses  with 6 N HCI or 2 
N  TFA, chromatographic  procedures  (thin-layer chro- 
matography, gas liquid chromatography, and amino acid 
analyses),  and X-ray diffraction were carried out as de- 
scribed earlier (21-24). 
Staining of Loricae 
Freshly synthesized lorieae on Formvar-coated grids 
for electron microscopy (see below) were incubated for 
10  min  in  a  solution  of cationized ferritin  which  was 
added to the medium in the concentration suggested  by 
the  manufacturer  (Yeda  Research  and  Development 
Co.,  Ltd.,  Reh6voth,  Israel),  and  excess ferritin  was 
removed by washing with distilled water. The dried grids 
were examined in the electron microscope without fur- 
ther staining.  The same procedure was used with 0.1% 
ruthenium red. Calcofluor white ST staining  (American 
Cyanamid  Co.,  Wayne,  N.  J.) was  performed with  a 
0.1%  solution  in  water  (10  min)  applied  to  isolated 
loricae and was examined in a Reichert Zetopan fluores- 
cence microscope. Chlor-zinc-iodine staining was carded 
out as usual  (16).  For birefringence determination, we 
used a Reichert Zetopan microscope. 
Electron Microscopy 
For  structural  observations  on  fresh  loricae,  algae 
from the 5th day of culture (stationary growth phase, cf. 
reference 55) were allowed to attach to Formvar-coated 
copper grids (100 mesh) for electron microscopy. After 2 
h, during which loricae were synthesized, the algal proto- 
plasts were washed out of the loricae with distilled water, 
and  the  ioricae  attached  to  the  grid  were  negatively 
stained  with  2%  phosphotungstic  acid,  pH  7.2.  For 
metal shadowing, gold/palladium at an angle of 40  ~ (Sie- 
mens Kleinbedampfungsanlage) was used. Electron mi- 
crographs were taken with a Siemens Elmiskop 101. 
RESULTS 
Ultrastructure 
The  native Iorica of Poteriochromonas consists 
of  a  branched  foot  part,  a  stalk  up  to  50  /zm 
long, and a cuplike upper part. A  detailed descrip- 
tion of its structure will appear elsewhere (cf. also 
references  32,  33,  61,  and  62). I  In the  stalk  re- 
gion, the fibrils are helically ordered (Fig.  1), the 
helical  pitch  is  rather  steep,  and  the  upper  part 
opens into the cuplike region where the fibrils are 
arranged more randomly. The rather broad fibril- 
lar ribbons in the stalk consist of bundles of thin- 
ner fibrils which are laterally associated.  Fibrillar 
widths in the stalk are 15-25/~; the length cannot 
be  measured  since  only occasionally is a  fibrillar 
end detectable.  We have been unable  to trace an 
individual fibril over its entire  length in such  rib- 
bon-like associations. 
Analyses 
The density of the isolated, lipid-extracted lori- 
cae is near t .5, i.e. they do not sediment in chloro- 
form  (20  min at 4,000 g)  but  remain evenly dis- 
tributed  in the solvent. 
Native  and  purified  loricae  stain  with  the  flu- 
orescent dye Calcofluor white. Native loricae bind 
cationized  ferritin;  the  fibrils  appear  negatively 
stained  with  this  method.  The  loricae  also  stain 
with ruthenium red.  After acidic and alkaline ex- 
tractions,  samples  stain  a  violet color with chlor- 
zinc-iodine.  The  chlor-zinc-iodine  dichroism  is 
positive. 
The Poteriochromonas fibrils resist dilute acidic 
extraction.  After liquid extraction  and  extraction 
with  1  N  HCI  (30  min  at  100~  the  typical 
arrangement  of  the  fibrils  in  the  stalk  and  cup 
regions of the  lorica  is  undistorted,  whereas  the 
foot part of the lorica is no longer detectable. The 
fibrils  also  resist  higher  concentrations  of  HCI. 
They are not destroyed by 10-min treatment with 
12 N HC1 at 20~  and are partially degraded after 
such  treatment  for 2  h  (Fig.  3).  In  10 N  sulfuric 
acid, the fibrils are dissolved within 10 rain., leav- 
ing no detectable residue.  Short rodlike elements 
similar to the degradation  products  in  12  N  HC1 
(Fig.  3)  reprecipitate  when the sulfuric acid with 
the dissolved material is diluted 10 times again. 
The  fibrils of the stalk- and  cup-regions of the 
lorica are also very resistant to alkali extractions. 
After 2  h  at  100~  in  1.5" N  NaOH, the resistant 
material consists of stalk- and  cup-fragments and 
short rodlike elements. The  regular structural  ar- 
rangement  of the fibrils in the stalk  region is still 
Herth,  W.,  G.  R6derer,  and  E.  Schnepf.  Manu- 
script in preparation. 
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shadowed preparations (Fig. 2).  The  broad, rib- 
bon-like and laterally associated fibrillar bundles 
are  arranged  helically. The  more  randomly  ori- 
ented individual internal fibrils which stabilize the 
arrangement are seen clearly. The fibrils must be 
attached to each other by alkali-resistant linkages. 
During treatment  with  5  NaOH  (2  h  at  100~ 
the fibrils are further broken down into short rods 
(Fig. 4). 
The  X-ray  diffraction  pattern  of  unextracted 
lorica material is very diffuse. After short acidic 
extraction (1 N HCI, 30 min at 100~  the reflec- 
tions are still few and diffuse. No cellulosic reflec- 
tions are detected. The main monosaccharide de- 
tected  in  native  lorica  material  after  hydrolysis 
with 6  N  HC1  (24  h  at  I10~  is glucose. How- 
ever, if hydrolyses are performed with 2 N TFA, a 
procedure which is less destructive for acid-sensi- 
tive sugars, the presence of more sugars in hydroly- 
sates  of  native  Poteriochromonas  loricae  is  re- 
vealed:  glucose  is  still  the  main  monomer,  but 
galactose,  mannose,  xylose,  and  a  fast  moving 
sugar, probably rhamnose,  are also present (Fig. 
6).  In  addition, a  constituent  reactive with  both 
ninhydrin and aniline phthalate is detected; it has 
the  same  relative mobility as  glucosamine  upon 
thin-layer chromatography. 
In  total hydrolysates of fibrillar material (6  N 
HCI, 48 h at 110~  resistant to extractions with 1 
N  HC1  (30 min at  100~  and  1.5  N  NaOH  (30 
min  at  100~  the  sugar monomers were deter- 
mined by gas-liquid chromatography of the alditol 
acetate derivatives (Fig. 7). With this method, the 
amount of glucose is calculated to be 53%  of the 
total  sugars  in  the  hydrolysate;  glucosamine  is 
nearly  40%  of  the  total  sugars.  Only  small 
amounts of xylose (2%), mannose (3%), and ga- 
lactose (2%) are detected. 
After 6-h  extraction with  2  N  TFA at  ll0~ 
the  lorica fibrils are  only partially broken  down 
(Fig. 5). The resistant material consists of various 
lengths of very thin fibrils which show lateral asso- 
ciations. Total hydrolysates of this TFA-resistant 
material (6 N HC1, 48 h at 110~  contain almost 
exclusively glucosamine  as  determined  by  thin- 
layer chromatography and by amino acid analysis. 
Only trace  amounts  of glucose,  no  other sugars 
FIGURE  1  Stalk  region  of the  lorica  of Poteriochro- 
monas stipitata.  Fibrillar bundles  are helically arranged 
and cross-linked by individual thin fibrils. Negative stain. 
Bar, 1 /zm. x  80,000. 
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NaOH (2 h). The loricae are partially degraded into short rods, but most of the material still has retained 
the fibrillar arrangement typical for the stalk. The fibrillar bundles are located external to the fibrils that 
cross-link the bundles. Bar,  1 /~m.  x  60,000. and no amino acids are detected in these hydroly- 
sates. 
The X-ray diffraction pattern obtained from the 
TFA-extracted  fibrillar material  (Fig.  83)  is  in 
agreement  with  our other finding that  the  most 
resistant part of the Poteriochromonas  fibrils is a 
polymer of glucosamine. This pattern is very simi- 
lar to the X-ray diffraction pattern obtained from 
purified fungal chitin (Fig. 9 b) but different from 
that  obtained  from  cellulose (Fig.  8b).  Similar, 
but even sharper, chitin-like X-ray diffraction pat- 
terns are obtained from the Poteriochromonas fi- 
brillar material when combinations of crude acidic 
and  alkaline  extractions  are  analyzed  (Fig. 
9a).The  Poteriochromonas  pattern  differs  from 
the  chitin  pattern  in  one  additional  reflection 
(arrow  in  Fig.  93),  probably still indicating the 
presence of matrix materials. 
DISCUSSION 
The occurrence of chitin fibrils in algae, although 
postulated repeatedly (for review, see references 
16,  42,  52,  and  56),  has  so far  been  definitely 
demonstrated  only for  diatoms  (5,  46)  where  a 
very pure and crystalline chitin has been reported. 
With  Poteriochromonas,  no  extraction  method 
was found that leaves a crystalline residue such as 
that in the diatoms. The question of whether the 
fibrils consist of a common s-chitin comparable to 
crustacean and fungal chitin or whether the chitin 
is  similar to  diatom  chitin  remains  unanswered 
(for discussion, cf. references 5, 9, and 57). The 
low crystallite sizes to be expected from thin fibrils 
such  as those  of Poteriochromonas  may explain 
the  diffuse  X-ray patterns obtained from  native 
and extracted materials. The fibrils also may con- 
tain  nonacetyl-glucosamine  sugars  which  could 
distort the  lattice  (10,  52)  and  cause  additional 
reflections (Fig. 9). There is no hint of the exis- 
tence of any other crystalline polysaccharide in the 
fibrils. X-ray diffraction patterns corresponding to 
a  cellulose  I  or cellulose II  pattern  were  never 
observed. This is probably not due to the extrac- 
tion  procedures used,  since with other materials 
cellulose has been demonstrated after similar ex- 
tractions  even  when  obscured  by  other  compo- 
nents in the native material (cf. references 22-24). 
There are also no reflections indicative of a crys- 
talline fl-1,3-glucan (cf. references 22, 28, 34, and 
36). 
Glucose, other sugars, and the amino acids de- 
tected in less extracted samples were almost totally 
removed  by  acid  hydrolysis in  2  N  TFA.  Such 
treatment has been found not to degrade cellulose 
(21,24, 49), but rather to hydrolyze matrix mate- 
rials. Thus the nonglucosamine monomers appear 
to be derived from the less resistant matrix materi- 
als of the lorica. These are probably identical with 
the acidic polysaccharides having the same sugar 
composition and a high content of glucuronic acid 
that  have been described to be secreted into the 
culture medium (29).  Ruthenium  red stainability 
and binding of cationized ferritin support the as- 
sumption of an acidic matrix surrounding the fi- 
brils. Mixed linkages are most probable, since, in 
fungi, the glucose-rich matrix surrounding the chi- 
tin fibrils often contains various linkage types (for 
review, see references 3, 4, and 43). 
Calcofluor stainability of the fibrils is often in- 
terpreted  as  indicating either  cellulose or  chitin 
(e.g., reference 44), but is by no means specific. 
In control experiments, we found that even agar is 
stained. The chlor-zinc-iodine stain seems also not 
to  be  a  reliable test since it  reacts with various 
structural polysaccharides (e.g., references 16 and 
22). 
The insolubility of the Poteriochromonas lorica 
fibrils in  12  N  HCi (see Fig. 3) and  5  N  NaOH 
(see Fig. 4) suggests that they are highly acetylated 
(16,  35,  52).  Deacetylated chitin and chitosan is 
markedly less resistant (34). Direct measurements 
of the degree of acetylation were not yet possible 
due to the small amounts of material. Under acidic 
hydrolytic conditions, the  liberated N-acetyl-glu- 
cosamine  is rapidly degraded to  glucosamine so 
that  in chitin hydrolysates mostly glucosamine is 
obtained.  The  glucosamine  values  obtained  are 
probably underestimates, as the recovery of glu- 
cosamine  relative  to  other  sugars  by  gas-liquid 
chromatographic  analysis is rather  low  (Stadler, 
J. Personal communication). 
The widths of the Poteriochromonas fibrils, 15- 
25  /k,  are  in  the  range  of the  widths of fungal 
chitin fibrils (53) and arthropod cuticle chitin crys- 
tallites (48). The electron microscope appearance 
of the  fibrils in  the  lorica of Poteriochromonas, 
however,  is  also  very  similar to  that  of various 
cellulosic materials (e.g., references 6-8,  13,  17, 
19,  20,  24,  47,  and  50),  though  different from 
that of the extremely crystalline cellulose ribbons 
of,  e.g.,  Valonia  and  Glaucocystis  (18,  52,  54, 
60). In the region of the Poteriochromonas stalk, 
the  individual  fibrils  form  ribbon-like  broader 
units by lateral association ("primary fibrils of the 
stalk"  according to  reference  62),  in  which  the 
individual thin  fibrils are  still recognizable  with 
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hydrolysis  (6 h at 110~  from an unextracted lorica fraction. Lane A sugar standards:  galactose, glucose, 
and xylose. Lane B  sugar standards:  glucosamine, glucose, and N-acetyl-glucosamine. Lanes C  and D 
hydrolysate applied as spot and as line. Lane E  sugar standards:  cellobiose, glucose, and xylose. Aniline 
phthalate spray reagent for sugar detection. 
negative staining. This is found for native material 
without  degradative  treatments,  e.g.,  enzymatic 
digestions (cf. reference 14 for Valonia ribbons) or 
ultrasonic  treatments  (18,  20,  47).  This  strong 
tendency for lateral associations is not so marked 
but  is also observed with  the  elementary  or sub- 
elementary fibrils of cellulose (2, 6-8,  13,  17, 20, 
24-26,  47). 
FIGURE 3  Treatment with  12 N HCI at 20~  for 2 h leaves only short rods with a tendency to associate 
laterally. Negative stain. Bar, 0.1  /.tm.  x  125,000. 
FIGURE 4  Lorica material resistant to extraction with boiling 5 N NaOH (2 h). Partial breakdown of the 
fibrils  is seen (arrows).  Short rods are  the  main breakdown  product.  Negative stain.  Bar, 0.2  /zm.  x 
80,000. 
FIGURE 5  Acid-resistant material of the lorica of Poteriochromonas  after 6 h in 2 N TFA at 110~  The 
fibrils are partially broken down (arrows). They no longer show the arrangement typical for native loricae. 
Individual long fibrils are associated laterally into bundles. Negative stain. Bar, 0.5  tzm.  x  125,000. 
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of the sugars in a total hydrolysate (6 N HCI, 48 h at 110~  of a lorica fraction (extracted sequentially with 
1 N HCI, 1 h at  100~  and 5 N NaOH,  1 h at  100~  The main peaks correspond to glucose- and 
glucosam'ine-derivatives. 
The  noncellulosic  structural  polysaccharides 
found in siphonous green  algae  (51,  52),  some 
acidic algal polysaccharides (e.g.,  reference  52), 
and fl-l,3-glucans (21,  22,  28,  31,  45)  are  also 
fibrillar with  dimensions similar to  those  of the 
Poteriochromonas  fibrils.  Fibrillar  appearance, 
even in combination with acid- and alkali-resist- 
ance, can not be regarded as proof of a cellulosic 
nature of a  component in question. With this in 
mind, other fibrils said to be cellulosic, e.g. of the 
closely related organism Dinobryon  (11,  15, 27, 
30) and other Chrysophyceae  (e.g., reference 37 
and 38), should be reinvestigated. 
We conclude that in Poteriochromonas  the lor- 
ica contains a structural polysaccharide similar to 
chitin.  This  polysaccharide  is  associated  with 
other, less resistant and chemically different poly- 
saccharides. The effectiveness of the TFA-extrac- 
tion and the  obtained X-ray diffraction patterns 
after crude extractions rather rule out a glucose- 
glucosamine heteropolymer for the most resistant 
part of the fibrils (for similar effects of extractions 
on cellulose, cf.  reference 10). Covalent linkages 
of the  chitinous polymer with the  other compo- 
nents, as reported, for example, for the  compo- 
nents of primary cell walls (40, 41), however, can 
not be excluded as the  extraction conditions are 
certainly hydrolytic. 
The  reported  unidirectional tip growth  of the 
Poteriochromonas  fibrils (32, 33, 62) is in agree- 
ment with the evidence for chitin synthesis in vitro 
with fungal chitin synthetase (58, 59). 
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318  THE  JOURNAL OF CELL BIOLOGY" VOLUME 73,  1977 FIGURE  8  a  and  b  X-ray diffraction pattern of the TFA-extracted polysaccharide  material from the 
ioricae ofPoteriochromonas  (a). The reflections are rather diffuse. They do not match the reflections given 
by a cotton cellulose  I standard (b). 
FIGUR~  9 a and b  X-ray diffraction pattern of the acid- and alkali-resistant  material from the Ioricae of 
Poteriochromonas (a), extracted sequentially with 8 N HCI (2 h at 20~  1 N HCI (1 h at 100~  and 5 N 
NaOH  (1  h  at  1000C). The  pattern is  similar  to,  but more distinct than,  that of Fig.  8 a;  cellulosic 
reflections are not found. Comparison with the X-ray diffraction pattern of chitin from the mucoracean 
fungus Rhizopus  (b), also extracted with 5 N NaOH (2 h at 100~  shows correspondence of most of the 
reflections. Only one reflection does not match the chitin pattern (arrow). 
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